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We develop a phenomenologial vetor model of polar liquids apable to desribe aqueous inter-
ations of marosopi bodies. It is shown that a strong, long-range and orientationally dependent
interation between marosopi objets appears as a result of ompetition between short-range
(hydrogen bonding) and the long-range dipole-dipole interations of the solvent moleules. Spon-
taneous polarization of moleular dipoles next to a hydrophobi boundaries leads to formation of
globally ordered network of hydrogen-bonded moleules with ferroeletri properties. The proposed
vetor model naturally desribes topologial exitations on the solute boundaries and an be used
to explain the hydrogen bonds networks and order-disorder phase transitions in the hydration water
layer.
I. INTRODUCTION.
Interations of marosopi bodies in aqueous environ-
ments is a fundamentally important problem in physis,
hemistry, strutural biology and in silio drug design.
The main theoretial diulty arises both from strong
long-range dipole-dipole interations of moleular dipole
moments and ompliated nature of short-range intera-
tion between water moleules. For pratial purposes,
e.g. alulation of binding free energy (inhibition on-
stant) of a protein-ligand omplex, protonation states
preditions for biomaromoleules, physis of membranes
et, the ultimate way to quantitatively aount for sol-
vation eets is the Free Energy Perturbation method
(FEP) based on a diret modelling of both the solute and
the solvent moleules, moleular dynamis (MD). One of
the main advantages of MD is a possibility to inlude the
surrounding water moleules into the alulation diretly
(simulations with expliit water). In fat this is so far one
of the most aurate ways to ompute the solvation and
the binding energies [1℄. The limitation of the method
omes together with its strength: to do it one should
ompute oordinates and veloities of very large num-
ber of atoms with time step τS ∼ 10−15s. To allow the
aqueous environment to relax fully, the averaging needs
to be performed on a suiently long time span to in-
lude at least the life-time of hydrogen bonds (∼ 10−9s),
and even the muh larger relaxation and rearranging time
of marosopi water lusters (up to ∼ 10−6s, see disus-
sion below). For modern omputers it is possible to follow
the evolution of maromoleules in water environment up
to times ∼ 10−7s, whih may not be suient to relax
the surrounding water moleules in some situations. Al-
though suh alulations an be very aurate, realisti
appliations require enormous omputational resoures.
Polar liquids suh as water are haraterized by large
values of stati dieletri onstants ǫ ≫ 1. That is why
to a large extent solvation theory an be redued to a
marosopi eletrostatis with a solvent being modelled
as a high-ǫmedia and the solute treated as being emerged
in a low-ǫ avity. This approah dates bak to early
Born's papers and an be very suessful for quantita-
tive preditions of solvation energies of small moleules
or biomoleules interations [2, 3℄. On other hand the
interations of suiently small neutral objets is domi-
nated by hydrophobi eet, whih aording to [4, 5, 6℄
originates from short-range interations of the solvent
moleules. Density funtional models [4, 5, 6℄ suess-
fully explain the hydrophobi interations on moleular
sales, though inlusion of eletrostati interations ap-
pears to be a diult task. Moreover, understanding of
a number of important observations revealed from MD
simulations must require omplete inlusion of long-range
interations and thus a more sophistiated approah.
Among the examples are the arrangement of the water
moleules dipole moments parallel to the hydrophobi
surfae [7, 8, 9℄, the vortex-like strutures of moleular
dipole moments networks and dipole-bridges near and
between the solvated objets [10℄.
In this Letter we introdue a ontinuous vetor model
of a polar liquid apable both the short- and the long-
range features of a polar liquid in a single theoreti-
al framework. The model an be applied to aque-
ous interations of marosopi bodies of various shapes
and harges. It is shown that the ompetition between
the short range (hydrogen bonding) and the long-range
dipole-dipole interations of the solvent moleules leads
to appearane of strong, long range and orientationally
dependent interations between marosopi objets. A
polar liquid itself is haraterized by a ompliated u-
tuating thermal state, ordered at suiently short sales
within a single domain, and ompletely disordered at
larger distanes. This physial piture has far reahing
onsequenes, espeially at solvent-solute surfaes, where
the ferroeletri lm of solvent moleules is formed. With
temperature inreasing utuations of moleular dipole
moments an lead to topologial phase transitions de-
pending on hydrophobi properties of the interfae. We
argue that the dynamis of marosopi topologial ex-
itations on a surfae of the liquid may be a physial
piture behind the perolation transition of the hydrogen
bonding network observed in MD simulations [11, 12, 13℄.
The manusript is organized as follows. After the in-
2trodution in Setion 2 we disuss the basi assumptions
and formulate the vetor model of polar liquids math-
ematially. In following Setion we disuss the bulk
properties and the orrelation funtions of the liquid
within the model. The results of the disussion an be
used to alulate various asymptoti forms of interations
between point-like and marosopi bodies of dierent
shapes and harged states in a solute. At last, in Setion
4 we address the properties of hydration layers of moleu-
lar dipoles on marosopi surfaes with the emphasis on
topologial properties of hydrogen bonds networks and
possible phase transitions.
II. THE MODEL.
Polar liquids are similar to ferroeletris. Having this
analogy in mind it is possible to develop a vetor eld
theory in whih the liquid is desribed by a loal mean
value of the moleular polarization vetor
s(r) = 〈d〉/d0 (1)
Here d0 is the stati dipole momentum of a single
moleule, and the averaging of moleular dipole momen-
tums d is performed over a small but marosopi volume
of the liquid ontaining marosopi number of moleules.
Mathematial struture of theory of ferroeletris [14℄
is analogous to the phenomenologial Landau-Ginzburg
theory for ferromagnetis, whih deals with the average
value of atomi magneti moment. All essential prop-
erties of a polar liquid are the result of ompetition of
two opposite eets, two types of interation: the long-
range eletrostatis (dipole-dipole interation) Ωdd and
the short-range intermoleular potential, ΩH , responsible
for hydrogen bonds (H-bonds) formation. At room tem-
peratures quantum-mehanial eets dominate in ΩH .
As for Ωdd , it has pure lassial nature. As the Earn-
shaw's theorem says, the equilibrium state is impossible
for the system of lassial harges [15, 16℄. It means that
Ωdd leads to haotization of moleular dipole momenta
orientations, and hene the ground state of a polar liquid
is a disordered state at least on a large sale. At smaller
distanes however, the moleules tend to form maximal
possible number of H-bonds, and thus the H-bond inter-
ations order the moleular dipole moments.
Below we employ the following expression for the free
energy of the liquid:
Ω(s(r)) = ΩH +Ωdd −
∫
dV P0sEe, (2)
where Ee is the external eletri eld, P0 = nd0, and n
is the density of moleules in a uid. The general form
of two rst terms in (2) is:
ΩH +Ωdd =
1
2
∑
α,β
∫
dV dV ′sα(r)sβ(r
′)Mαβ(r− r′). (3)
Here α, β = x, y, z enumerate the Cartesian omponents
of the vetor s. In a free liquid, Ee = 0, Eqs.(2) and (3)
give the following expression for the orrelation funtion:
Qαβ(r− r′) = 〈sα(r)sβ(r′)〉 = TM−1αβ (r− r′), (4)
where T is the absolute temperature (in energy units)
and the kernel M−1αβ is dened as:
∑
γ
∫
dV1M
−1
αγ (r− r1)Mγβ(r1 − r′) = δαβδ(r− r′). (5)
The matrix Mαβ an be dedued from the orrelation
funtion taken, e.g. from moleular dynamis alula-
tions [17℄. In an isotropi liquid the orrelation funtion
has the form:
Qαβ(r) = a(r)δαβ + b(r)(rˆα rˆβ − 1
3
δαβ), (6)
where rˆ = r/r. The funtions a(r) and b(r) are related to
the following orrelation funtions: a(r) = 〈s(0)s(r)〉/3,
b(r) = 3(D(r) − a(r))/2, and D(r) = 〈(rˆs(0))(rˆs(r))〉.
The funtions a(r)and D(r) an be expressed with the
help of the full pair orrelation funtion g(r, θ1, θ2,Φ) in-
trodued in [18℄. Here θ1, θ2, φ1and φ2 (Φ = φ1 − φ2)
are the polar and azimuthal angles between vetors of
moleular polarities,s1 ≡ s(0), s2 ≡ s(r), and the in-
termoleular axis r. The orrelation funtion g an be
expanded in spherial harmonis:
g(r, θ1, θ2,Φ) = 4π
∑
l1l2m
gl1l2m(r)Yl1m(θ1, φ1)Yl2−m(θ2, φ2).
(7)
So that, g000(r) is a usual pair orrelation funtion, whih
does not inlude information about moleular polar ve-
tors. The orrelation funtion (7) gives the probability
dW to nd two moleules at a distane r with polariza-
tion vetors lose to s1, s2:
dW =
g(r, θ1, θ2,Φ)
g000(r)
dΩ1
4π
dΩ2
4π
.
Applying all the denitions above we nd:
a(r) =
1
9
[2g111(r) + g110(r)] /g000(r),
b(r) =
1
3
[g110(r) − g111(r)] /g000(r).
The funtions a and bare unique harateristis of inter-
moleular interations.
At suiently large sales the free energy funtional
(2) has a few universal features. Sine the dipole mo-
ments of water moleules are ordered at small sales by
hydrogen bonding, the mean moleular polarization ve-
tor s(r) is a smooth ontinuous funtion. Therefore, the
free energy of the liquid should allow expansion in powers
of the moleular polarization gradients. That is why we
3an use the Oseen's like general expression (see e.g. [19℄)
for the hydrogen bonding energy:
ΩH = P
2
0
∫
dV

C
2
∑
α,β
∂sα
∂xβ
∂sβ
∂xα
+
C′
2
(∇s)2 + V (s2)

 ,
(8)
where C,C′ are onstants, and the salar funtion V (s2)
takes into aount short-distane part (other than dipole-
dipole interations) of the intermoleular interation po-
tential. The long-range part (dipole-dipole ) of inter-
moleular interation energy takes form:
Ωdd =
∫
dV
1
8π
E2P , (9)
so that the full eletri eld in the liquid, E is the sum
of the polarization and the external elds: E = EP +Ee.
The polarization eletri eld EP , satises the Poisson
equation, having as a right-hand-side the density of po-
larization harges ρP = −divP, where P = P0s is the
polarization of the liquid.
In the bulk of a liquid in weak elds (E ≪ P0) the ve-
tor model dened by Eqs.(2),(8) and (9) an be studied in
linearized approximation. First we expand the funtion
V (s2) in powers of s2:
V (s2) =
A
2
s2(r), (10)
where A is a dimensionless onstant related to long-range
orrelation properties of the liquid (see below). Fourier
transforming the model we nd that:
Ω =
P 20
2
∑
k,α,β
sαsβ
(
(Ck2 +A)δαβ + C
′kαkβ
)
+
+iP0
∑
k,α
kαsαφ+
∑
k
k2φ2
8π
+Ωext,
where kα is the wavevetor, φ is the eletrostati poten-
tial. The potential Ωext desribes the interation of the
linearized liquid with external objets.
III. LONG RANGE INTERACTIONS
BETWEEN SOLUTES.
As seen from Eqs.(8),(9) and (10) polar liquid is nat-
urally haraterized by the two important sales: LT =√
C/A and RD =
√
C/(A+ 4π). Indeed, on a moleular
sale in small regions the dipole moments of the moleules
are orrelated and there exist pretty large eletri elds:
EP ∼ P0 ∼ 1 107V/cm. The size of suh polarized region
(a domain) is determined by the ompetition of dipole-
dipole eletrostati and short-range hydrogen bonding
fores: inside the domain ΩH ∼ Ωdd. Sine ΩH ∼ CP 20R0
and Ωdd ∼ P 20R30, where R0 is the size a polarized region,
the sale RD ∼
√
C ∼ 7Å (the estimate C ∼ 5 10−15cm2
an be obtained from the value of the surfae tension)
an be onsidered as a typial size of domain (the ex-
istene of suh domains in a bulk of polar liquids was
pointed in [20℄). The seond sale, LT , inludes ∼ 100
moleules and desribes the orrelations between suh
marosopi domains and an be alled as superdomain.
It is the longest sale of intermoleular orrelations in wa-
ter (detailed onsideration will be published elsewhere):
at larger distanes thermal utuations dominate. Super-
domains determine a reation of polar liquid on a weak
uniform stati eletri eld, i.e. its stati dieletri on-
stant. Experimental data for frequeny dependene ǫ(ω)
are disussed in [21, 22, 23℄. At room temperature the
transition from the stati value ∼ 80 to the universal low
value ∼ 5 haraterizing the internal rotational and ele-
troni degrees of freedom of individual water moleules
is spread over a broad frequeny range:
105 . ω . 107s−1. (11)
Suh sophistiated behaviour an be desribed with a
help of a simple Debye model of polarization relax-
ation (see [15, 24℄, for example). In a weak eletri
eld E the time evolution of liquid polarization fol-
lows the linearized phenomenologial kineti equation
P˙ = − (P− (ǫ− 1)E/4π) /τ0, where τ0 is the Debye re-
laxation time. The solution gives the dieletri funtion
ǫ(ω) = (ǫ− iωτ0) / (1− iωτ0) haraterized indeed by a
broad transient region with τ0 ∼ 10−6s. The latter quan-
tity is muh longer than the average life-time of a single
hydrogen bond, ∼ 10−9s, and thus should be related to
water domains rearrangement proesses.
The model (8),(9) and (10) is both non-loal and non-
linear. Full analysis of the solutions requires numerial
simulations and is beyond the sope of this Letter. In
what follows we onne ourselves to the solutions of lin-
earized form of the equations. In spite of being quite a
drasti simpliation, this approah reveals the asymp-
toti long-range interations between solute objets and
shows the importane of topologial exitations, both in
the bulk and on a surfae of the liquid.
A. Interation between harged objets. Solvation
energy of a point harge.
Consider rst the simplest ase of interation with a
number of external point eletri harges qa plaed in
positions ra:
Ωext =
∫
d3rρ(r)φ(r),
where ρ(r) =
∑
a qaδ(r − ra). Then the free energy of
the liquid is (setting C′ = 0 for larity):
Ω =
∑
k
|ρ(k)|2 4π
ǫ(k)k2
, (12)
4where
ǫ(k) = ǫ
R2Dk
2 + 1
L2Tk
2 + 1
, (13)
is the eetive dieletri onstant at wavevetor k, and
ǫ = L2T /R
2
D = 1 + 4π/A. The relation between the ma-
terial onstant A oming from the equation of state
(10) and the marosopi dieletri suseptibility ǫ an
be seen from the following observation: For a pair of
point harges separated by a large distane R Eq.(12)
gives the following expression for the interation energy:
Ω(R) =
q1q2
R
[
1
ǫ
+ (1 − 1
ǫ
) exp
(
− R
RD
)]
. (14)
That is why at large distanes R ≫ RD two harges
interat as in a dieletri media haraterized by diele-
tri onstant ǫ. In a polar liquid ǫ≫ 1 and the onstant
A≪ 1 (for example at room temperature in water ǫ ≈ 80
and A = 4π/(ǫ− 1) ≈ 0.16).
The relation between A and ǫ an also be established
from a well known relation between the asymptoti be-
havior of linear response funtions of a liquid (orrela-
tors) and the dieletri onstant (see e.g. [17, 25℄). Sine
A ≪ 1, RD ≪ LT ∼ 15Å. Subtrating the vauum en-
ergy of a point harge from Eq.(12) nd the solvation free
energy of a point harged objet:
Ωsolv =
∑
k
|ρ(k)|2 4π
k2
(
1
ǫ(k)
− 1
)
=
(
1
ǫ
− 1
)
q2
2RD
(15)
The result looks pretty muh the same as lassial Born
solvation theory result. In fat, the solvation energy is
loalized in the eletri domain of size k−1 ∼ RD around
the harge. In pratial ase RD does not exeed muh
size of an ion (or a harged moleule). That is why the
exat value of ioni Born radius RB = −q2/2Ωsolv ∼ RD
depends on preise details of mirosopi interations of
the ion and the surrounding water moleules. The results
(14) and (15) ome from the linearized model and hene
are only valid for point-size harges q . qC = CP0[26℄.
B. Interations of neutral objets. Typial types of
liquid polarization.
The interation of marosopi objets is not onned
by eletrostati interation of the harges. As demon-
strated by diret numerial simulations, marosopi ob-
jets polarize the liquid [7, 8, 9℄. For example, next to a
marosopi surfae the water moleules arrange them-
selves suh as their dipole moments d are parallel to the
boundary (s 6= 0, s ⊥ n) with water moleules planes
being perpendiular to the outer normal n to the surfae
of a body. The explanation is as follows. The bulk wa-
ter moleule has NH ≈ 4 hydrogen bonds with others.
If the moleular polarization is orthogonal to the solute
body, d ‖ n, then NH ≈ 2 , and if d ⊥ n, then NH ≈ 3.
Figure 1: Polarization s of the liquid around a nearly spherial
objet. Foreless (a) and longitudinally polarized (b) liquid
ongurations.
Therefore the liquid an lower its free energy by arrang-
ing the moleular dipole moments along the hydrophobi
surfaes (if no energy benet an be extrated by hydro-
gen bond formation with the solute atoms). This simple
piture gives the following estimation for the surfae ten-
sion oeient: α ∼ (EH/2)n−2/3 ∼ P 20RD, where EH
is the binding energy for one hydrogen bond. For water
EH ∼ 10 kJ/mol and α ∼ 100 CGS, whih is onsistent
with the marosopi value α ≈ 70 CGS.
In the presene of impurities the indued polarization
of moleules propagates to a ertain distane inside the
bulk of the liquid and an ause a onsiderable intera-
tion of hydrophobi objets at large distanes. To analyze
it we proeed to linear response study of polarization-
polarization orrelations in our model. At large distanes
the interation of external objets does not depend on the
preise struture of interating bodies and takes univer-
sal form. The asymptoti expression for the interation
potential an be obtained by observing the free energy
hange in a system of point (. RD) hargeless impuri-
ties loated at the positions ra haraterized by a single
vetor property ja. The simplest form of the interation
potential is
Ωext =
∫
(j, s)dV, (16)
where j(r) =
∑
a jaδ(r − ra). For a spei shape of
an interating objet the value and the diretion of the
vetor j an not be found within the linear theory and
requires mirosopi derivation with the help of either
omplete model, or moleular dynamis alulation.
In the linear response approximation the polarization
5of the liquid is
sα(r) = −
∑
kβ
G
(s,s)
αβ (k)jβ(k) exp(ikr), (17)
where
G
(s,s)
αβ =
P−10
Ck2 +A
(
δαβ − 4πkαkβ
k2
(k2C′/4π + 1)
(C + C′)k2 +A+ 4π
)
.
(18)
The interation of the two impurities separated by a large
distane R = r1 − r2 is given by
ΩL(R) = −
∑
k,α,β
G
(s,s)
αβ (k)jαjβ =
=
1
P 20
(j1, j2)− 3(j1, Rˆ)(j2, Rˆ)
A2ǫR3
.
This means that the two neutral impurities (16) interat
in unsreened fashion as two dipoles in a media with di-
eletri onstant ǫ. The dipole moment d arises from
spontaneous polarization of water around the objet:
d = j/(AP0). We all suh liquid ongurations as longi-
tudinally polarized states, see e.g. Fig.1b for an example
of water polarization fore lines around a nearly spherial
body. For suh polarization type the non-vanishing po-
larization harge exists in a liquid: ρP = −P0divs 6= 0.
The indued dipole moment around a mirosopi ob-
jet of the size R0 . RD an be estimated as follows:
at small distanes r . RD (k → ∞), the seond term
in the orrelation funtion (18) an be negleted and
s ∼ j/(P 20Cr). The linear theory breaks on the surfae of
the objet, r = R0, where s ∼ 1. Therefore j ∼ P 20CR0,
d ∼ P0CR0/A and the energy of a pair of hargeless ob-
jets an be estimated as
ΩL(R) ∼ C
2R20P
2
0
AR3
. (19)
This interation is long-range and is ompletely due to
the dipole-dipole interation of the water moleules.
Longitudinal polarization of the liquid also ontributes
to the solvation energy of a single impurity:
Ωsolv = −
∑
k,α,β
jαjβG
(s,s)
αβ (k) = Ω0 +ΩA, (20)
where Ω0 omes from the rst term of Eq.(18), formally
diverges and an be estimated as Ω0 ∼ j2P 20 kmax/C,
where kmax ∼ R−10 is related to the size of the impurity.
The ontribution from the seond term is nite and is
in fat the energy (9) of the polarization eletri eld:
ΩA ∼ P 20C3/2 = 50 kJ/mol. Sine Ω0 ∼ CR0P 20 , ΩA &
Ω0 for impurities of suiently small size R0 . RD, the
quantity ΩA is large and an be alled as the ativation
energy of the longitudinally polarized onguration.
Large value of the ativation energy is due to appear-
ane of strong eletri elds next to polarized bodies. In
Figure 2: Polarization of a liquid near a ylindrial hydropho-
bi surfae. Foreless (a) and longitudinally polarized (b) liq-
uid ongurations.
fat there is a wide lass of liquid ongurations with
appreiably lower energies due to the absene of polar-
ization harge. This an happen in a system of neutral
bodies if a speial, the foreless (FL), state of moleular
dipoles is hosen:
∇s = 0, E = 0. (21)
Two examples of foreless water ongurations around a
sphere and a ylinder are shown on Figs. 1a, 2a. The po-
larization vetor in suh states is similar to magneti eld
in magnetostatis, therefore the asymptoti form of the
interation potential with with external point size water
polarizing impurities an be speied using the following
form of the interation potential:
Ωext =
∫
(J,∇× s)dV. (22)
where J =
∑
a δ(r − ra)Ja, ra is the position of an im-
purity, and Ja is a vetor property of an impurity . The
vetor Jadepends on the details of the surfae-water in-
terations and requires full mirosopi alulation for its
determination. The energy of interating bodies is then:
ΩFL =
∑
k,α,β...
G
(s,s)
αβ (k)ǫαµνǫβµ′ν′kµJνkµ′Jν′ ,
where ǫαβγ is the totally antisymmetri tensor. Using
Eq.(18) we nd that the ontribution of the seond term
vanishes. At intermediate distanes R . LT
ΩFL(R) =
3(J1, Rˆ)(J2, Rˆ)− (J1,J2)
4πP 20CR
3
(23)
At larger distanes R & LT the interation vanishes
exponentially:
ΩFL(R) =
(J1, Rˆ)(J2, Rˆ)− (J1,J2)
4πP 20CRL
2
T
e−R/LT . (24)
6The estimation for the vetor J proeeds as follows: at
small distanes s ∼ J/(P 20CR2) and has to be s ∼ 1
at the surfae R ∼ R0 of the body. Hene, J1,2 =
4πP 20CR
2
1,2n1,2, where n1,2 are the unit vetors on-
neted with the vortiity of polarization (see Figs. 1a and
2a) by the right-srew rule, R1,2 are the harateristi
radii of the objets. The interation of a pair of harge-
less impurities in a foreless water onguration at small
(23) and large (24) distanes reads, orrespondingly:
ΩFL ∼ CR
4
0P
2
0
R3
(25)
ΩFL ∼ CR
4
0P
2
0
RL2T
e−R/LT . (26)
The exponential deay of the interation at large dis-
tanes is not surprising sine foreless ongurations are
also hargeless and the net dipole momentum of the sys-
tem is identially zero. Note, that for a foreless ongu-
ration the polarization of the liquid is present at distanes
λ ∼ LT from the solute surfae.
Eqs. (25), (26) universally haraterize foreless inter-
ations of small neutral objets. In linear approximation
(17) the polarization vetor around a pair of solutes lo-
ated at points ρ1 and ρ2 is given by
s(r) ≡ sFL = R21(n1× rˆ1)f(r1)+R22(n2× rˆ2)f(r2), (27)
where f(r) = r−2(1 + r/LT ) exp(−r/LT ). Here r1,2 =
r − ρ1,2, rˆ1,2 = r1,2/r1,2, and R1,2 are the harateristi
radial dimensions of the solute partiles. Eq. (27) is valid
far from the objets (r1,2 ≫ R1,2). If the solute bodies
arry harges, than additional indued polarization on-
tribution appears:
s =sFL + sP , (28)
sP ∼ −δ1g(r1/RD)rˆ1 − δ2g(r2/RD)rˆ2, (29)
where g(x) = x−2 [1− (1 + x) exp (−x)], δ1,2 = q1,2/qC .
The water polarization is qualitatively represented on the
Fig. 3. Water polarization of this type was obtained in
MD simulations [10℄ and alled as the dipole-bridge be-
tween biomoleules. The vortex-like strutures of polar-
ization were observed that orresponds to the term sFL
in (28).
At intermediate distanes between the interating bod-
ies both foreless (FL) and longitudinally polarized (L)
liquid ongurations have very similar interation prop-
erties. Both ΩL and ΩFL are dipole-dipole interations
of polarized moleular dipoles. For suiently small im-
purities we have ΩFL/ΩL ∼ R20/R2D ≪ 1. This means
that the interations of small longitudinally polarized
impurities is stronger. On the other hand, the seond
term of Eq. (18) does not also ontribute to the solva-
tion energy of a single foreless impurity, whih means
Figure 3: Polarization of a liquid near two hydrophobi
harged solutes.
that the foreless ongurations does not have the large
ativation energy ontribution ΩA ≫ T in its free en-
ergy and hene, at least at large distanes, thermody-
namially is more probable. At intermediate distanes,
R . LT (R
2
0/RDLT )
1/3 ≪ LT , ΩL & ΩA and sponta-
neously polarized liquid onguration with anti-parallel
j possesses lower energy and may beome favorable. This
means that anisotropi neutral moleules in a polar liquid
an aquire fairly strong orientation dependent intera-
tion aused by indued dipole moment of the surrounding
water moleules.
C. Interation of marosopi objets: parallel
hydrophobi ylinders.
The interation potentials (19) and (24) give only the
energies of point-like objets of size R0 ≪ RD. In re-
alisti alulations R0 & RD(small organi moleules)
and may even be larger (proteins, lipids et.). For larger
objets, a more detailed alulation has to be done.
Consider rst two parallel ylinders of the same radii
R1,2 = R0, heights H1,2 = H ≫ R0, plaed at a distane
L ≪ H from one another. The separation between the
objets is large, L≫ R0, but the size R0 is now arbitrar-
ily related to the water domain size RD. At distanes
large enough from the ylinder ores the superposition
priniple holds:
s(r) ≈ s1(r) + s2(r), (30)
where si, are ylindrially symmetri foreless solutions
of model around isolated ylinders (see Fig.2a):
si(r) = λi
Ri
ri
βiφˆi. (31)
Here λ1,2 = ±1 stands for two possible diretions of wa-
ter dipoles around a ylinder (the topologial harges),
ri are the distanes from the point r to the axis of
the orrespondent ylinder. The oeients: β1,2 ≈
71/ [1 + γR1,2/RD], where γ ∼ 1 depends on the be-
haviour of the funtion V (s2) for s ∼ 1. Formula (31)
holds for ri ≪ LT . Sine ∇s ≈ 0, the polarization ele-
tri eld vanishes. Substituting diretly the solution (30)
into the energy density (2) we nd the following expres-
sion for the interation potential:
ΩFL(L) ≈ 2πAP 20 λ1λ2β1β2R20HK0
(
L
LT
)
, (32)
where K0 is the Madonald funtion. For small ylin-
ders, R ≪ RD, β ≈ 1 and the result (32) oinides with
that one an nd by integrating the potential (24) over
the ylinders in the linear model. At suiently small
distane between the ylinders the interation exeeds
the ativation energy ΩA and the longitudinally polar-
ized onguration settles (see Fig. 2b). Here ∇s 6= 0
lose to the ends of the ylinders, so that the energy of
eah of the ylinders ontains ΩA ∼ 2πR20
√
CπP 20 . The
superposition priniple still holds and the energy of the
ylinders reads:
ΩL(L) ≈ 2πCP 20
λ1λ2
Λ1Λ2
β1β2HK0
(
L
LT
)
. (33)
Here Λ1,2 = log(LT /R1,2). The result is again similar to
that one an nd by integrating the interation poten-
tial for a spontaneously polarized onguration (19) over
entire ylinders length.
Eqs.(30) and (31) desribe an approximate foreless so-
lution. Let us estimate the leading orretion Ω′ to the
interation energy due to the dipole-dipole interations
of polarization harges (divs 6= 0). Consider rst two
ylinders at a distane L ≪ LT . In this ase the po-
larization harges are onentrated around the ylinders
surfae, QA,B = −QC,D ∼ P0R0 in the setors A − D
of Figure 4. The dipole moment D ∼ P0R0L per unit
length along the ylinders gives the following estimation
for the interation energy
Ω′ ∼ 1
ǫ(k ∼ L−1)
∫
dz1dz2
[(D1D2)− 3(nD1)(nD2)]
r312
=
=
2H
ǫ(k ∼ L−1)L2 [(D1D2)− 2D1xD2x] (34)
The integration in (34) is performed along the axes z1,2
of the ylinders. The vetor r12 onnets the points at
the axes, r12 =
√
(z1 − z2)2 + L2, and n = r12/r12. For
a pair of ylinders of the same size D1 = D2 ≡ D and
Ω′ ∼ P
2
0HR
2
0(L
2 + L2T )
ǫ(L2 +R2D)
. (35)
At larger distanes, L & LT , the solution (31) aquires
an extra exponential fator exp(−r/LT ) and
Ω′ ∼ P
2
0HR
2
0
ǫ
exp(−2L/LT ).
Comparing this result with Eqs.(32) and (35) we nd:
Ω′(L)/ΩFL(L) ∼ exp(−L/LT ) ≤ 1.
This means that for suiently large distanes the po-
larization harges provide negligible orretions to the
energy of a foreless onguration.
IV. SOLVENT-SOLUTE INTERFACES. PHASE
TRANSITIONS ON BOUNDARIES.
Consider now the struture of moleular polarization
near a plane liquid-to-vauum or liquid-to-a body surfae
interfae. Suh a boundary is hydrophobi and polarizes
the liquid along the boundary plane Γ. The polarization
extends to the bulk of the liquid on a distane sale λ ∼
LT or λ ∼ RD depending on eletrostati properties of
the boundary (see below). Sine at larger distanes from
the boundary the polarization of the liquid disappears,
the polarization itself is an eetively two-dimensional
vetor eld. The Hamiltonian for the surfae polarization
eld s‖ an be obtained by integration of (2) inside the
bulk of the liquid:
ΩS ≈ 1
2
M
∫
Γ
df (∇θ)2 + 1
2
K
∫
Γ
df (∇ · S)φ(r) (36)
φ(r) =
∫
Γ
df ′
(∇′ · S′)
|r− r′| . (37)
Here θ(x, y) is the angle haraterizing the diretion of
the unit vetor S = s‖/s‖ = (cos θ, sin θ), r = (x, y)
are the oordinates along the surfae, ∇ = (∂/∂x, ∂/∂y),
φ(r) is the eletri potential at the point r. The onstants
M ∼ CP 20 λs2‖, K ∼ λM . Both terms in Eq. (36)
originate from ΩH and Ωdd of Eq.(2), respetively. Note
that
∇ · S = − sin θ · θx + cos θ · θy, (38)
where θx ≡ ∂θ/∂x, θy ≡ ∂θ/∂y. Minimization of the
funtional (36) with respet to the variations of θ(x, y)
gives the following equilibrium ondition:
M∆θ(x, y) +K(− sin θ · φx + cos θ · φy) = 0 (39)
The simplest solutions of the selfonsistent equations
(39), (37), (38) is the uniform polarization: θ(x, y) =
const and
S = const (40)
A more sophistiated solution desribes a vortex state:
θ(x, y) = m arctan(y/x) of topologial harge q = m =
0,±1,±2, .... Both mentioned solutions are foreless on-
gurations and therefore λ ∼ LT . The vortex ore size
is also ∼ LT . Fig.4 shows a more ompliated polariza-
tion onguration, whih is is a vortex-antivortex pair.
8Figure 4: Polarization onguration S(x, y) of surfae water
vortex-antivortex pair.
Figure 5: Exitation of water with one vortex-antivortex pair
pinned on a surfae of hydrophobi solute.
In this ase ∇ · s 6= 0 and thus λ ∼ RD for all essential
ongurations with vortex-antivortex pairs.
Let us neglet rst the dipole-dipole interation term
Ωdd in (36). In this ase Eq.(36) oinides with the
Hamiltonian of XY 2D model. As it is well known from
the eld theory [27, 28℄, thermal utuations of the po-
larization eld (36) an be mapped on to the thermal
dynamis of a gas of interating vorties residing on the
surfae. The thermal state of the liquid mainly onsists
of vortex-antivortex pairs of minimum harge |q| = 1.
The energy of vortex-antivortex onguration at large
distane
L≫ λ (41)
between their ores is given by
Ω(L) ≈ Ω1 + πM log (L/λ) , (42)
where Ω1 ∼M . We observe that the hydrogen-bonding
term ΩH leads to appearane of the logarithmi attra-
tion of vortex and antivortex. At temperature
TBKT =
1
2
πM ∼ πCP 20 λ, (43)
the topologial Berezinskii-Kosterlitz-Thouless transition
[27, 28℄ ours: bound vortex-antivortex pairs dissoiate
and form the vortex plasma. Aording to Onsager ar-
guments [29, 30, 31℄ ǫ ∼ P 20R3D/T . On a hydrophobi
surfae s2‖ ∼ 1, and
TBKT ∼ ǫT ≫ T. (44)
This means that at any reasonable temperature the po-
larization eld remains ordered (the moleular dipoles are
orrelated at large distanes, see below).
The long-range dipole-dipole interation desribed by
the seond term in Eq.(36) essentially alters the harater
of BKT transition [32℄. As is lear from Fig.4 the polar-
ization vetor s1 produed by the left vortex enounters
other vortex at the region next to the point C and thus
indues the polarization density ρP (C) > 0. At large
distanes (41) only one sale L is essential: |rC − rD| ∼
|rC − rB | ∼ L, therefore ρP (C) ∼ s‖P0/L. The polar-
ization harges in eah of the setors equal: QC = QD =
−QA = −QB ∼ ρP (C)λL2 ∼ s‖P0λL. Roughly speak-
ing the polarization harge pattern an be approximated
by the harge distributions of two equal downward ori-
ented dipole moments D ∼ QCL ∼ s‖P0λL2 plaed at a
distane ∼ L one from another. Simple estimations give
Ωdd ∼ D2/L3 ∼ KL and
Ω(L) ≈ Ω1 + πM log (L/λ) + βKL, (45)
with β ∼ 1, instead of (42). In other words the dipole-
dipole interation of vortex with antivortex gives addi-
tional attration term with a linear dependene on L.
The following remark is neessary to explain this inter-
ation. Indeed, the harge distribution on the left side
of Fig. 4 is a mirror reetion of that on the right
side. Suh harge distributions repel in vauum. In the
ase of a polar liquid interfae the polarization harges
QC inrease as L inreases so that QC +QB = 0 at any
L. It means that in order to move apart a vortex and
antivortex pair, one should produe additional work to
polarize the water moleules. The Mayer-Shwabl phase
transition ours at
T = TMS = 4TBKT . (46)
The phase transition is analogous to that for quark-gluon
plasma formation [33℄: unbound vorties are formed at
T > TMS . To establish this fat one has to go beyond the
approximation of pair interation of vorties (45). A-
ording to (45) the typial dimension of vortex-antivortex
pair is: LP ∼ T/K. The surfae onentration of pairs is:
nP ∼ λ−2 exp(−Ω1/T ). At nPL2P ∼ 1 we have a plasma-
like quasineutral system, in whih topologial harges of
vorties and antivoties are mutually ompensated. Us-
ing our estimations for the parameters K, Ω1 and λ we
onlude that at T > TMS the interation (45) between
two vorties is modied and the phase transition ours.
In fat, Eq. (45) between desribes the interation of vor-
ties only at T . TMS . At higher temperatures above
9the phase transition point we an use a set of standard
Debye arguments as in linear approximation of sreening
in plasma (see e.g. [19℄). and we nd the following mean-
eld eetive interation between vorties of QT plaed
at a distane L from eah other :
Ω(L) = Q2T
∫ ∞
0
dpp
pJ0(pL)
(p2 + κ2)p+ κ2p1
.
Here κ =
√
2πnPM/T ∼ 1/λ and p1 = K/(πM) ∼ 1/λ.
Note that κ ∼ p1 at T ∼ TMS . At T ≫ TMS κ ≫ p1,
and at small distanes, L ≪ 1/p1, the the interation is
logarithmi: Ω(L) ≈ πMK0(κL)+βKL , whih reovers
Eq. (45) at suiently small distanes L ≪ 1/κ. At
large distanes L ≫ 1/p1 the sreening swithes on and
the interation deays as Ω(L) ≈ QT /(κ2p1L3) ∼ 1/L3.
Eqs. (44) and (44) show learly that the phase tran-
sition an not be observed on a hydrophobi surfae.
Nevertheless it may our on hydrophili surfaes, where
the energy of the liquid an be further lowered by extra-
hydrogen bonds involving the atoms on the surfae of the
solute. In a plae of suh polar ontat the vetor s is al-
most perpendiular to the liquid boundary: s2‖ ≪ 1. The
eetive Hamiltonian for the moleular dipole eld on a
hydrophili surfae still has the form (36), though the
phase transition temperature is lower: TMS ∼ CP 20 λs2‖,
TMS/T ∼ ǫs2‖. The appearane of the additional small
fator s2‖ an derease TMS drastially: the transition
temperature may be shifted to the room temperatures
range already on a hydrophili surfae with s‖ ∼ 0.1.
At T & TMS the vorties dissoiate and form vortex-
antivortex plasma, so that the order parameter s u-
tuates strongly. One may say that at small tempera-
tures (or on a highly hydrophobi boundary) the mole-
ular dipoles utuations are small and the moleular di-
retions eld is highly ordered on large sales. In other
words global network of hydrogen bonds exist on the sur-
fae of the solute body. As the polar interations of the
solute objet and the surrounding liquid inrease, the the
phase transition temperature gets lower and the global
polarization order, and hene the hydrogen bonds net-
work, disintegrates. Moreover the hydrophili regions on
the surfae of the solute may pin the vorties, giving rise
to a peuliar sophistiated polarization shapes (see Fig.
(5) and the disussion in [10℄).
We argue that the above disussed phase transition
is diretly related to the disruption of the global hydro-
gen bonds network in the ourse of 2D perolation phase
transition observed in the Moleular Dynamis simula-
tion of hydration water absorbed on the surfae of a so-
lute [11, 12, 13℄. In our model this result an be explained
with the help of lassial eld theory onsiderations. At
T > TMS a solute boundary hosts a gas of independent
vorties of dierent irulation resulting in fast deay
of orrelation between dipole moments of distant water
moleules: D(r) = 〈d(0)d(r)〉 ∼ exp (−r/rC) [32℄. At
T < TMS , the vorties annihilate the and long-range or-
relations set in: the ferromagneti-like ordering of hy-
Figure 6: Ferroeletri wave propagates in a lm of hydration
water.
dration water moleules dipole moments takes plae. It
means that in the onsidered ase of polar liquids the
boundary layer of liquid is a ferroeletri lm. Suh or-
related thermal states an be seen as global network of
hydrogen bonds at the surfae. Note that in our model
the value of transition temperature TMS is proportional
to the width of polarized layer λ, whih is in aordane
with the dependene of perolation transition tempera-
tures obtained in [11, 12, 13℄ as a funtion the hydration
shell width D (of ourse, it is reasonable to suppose that
D ∼ λ).
The appearane of ferroeletri order an be used as a
justiation for the mean eld piture employed through-
out the Letter. This fat does not ontradit with the
Peierls-Mermin theorem [34, 35℄ on the absene of order-
ing in a 2D systems due to new eet: the long-range
dipole-dipole term in (36). To illustrate this point on-
sider olletive vibrations of moleular dipole moments in
a ferroeletri hydration water layer (Fig.6) with mole-
ular dipoles arranged along x axis. The kineti energy
of a water moleule is Iθ˙2/2, where I is the moleular
moment of inertia. The dispersion law ω = ω(p) of the
ferroeletri wave of a wave vetor p an be established
by the minimization of the ation S =
∫
Ldt, where the
Lagrangian L reads
L =
∫
df
1
2
Nθ˙2 − ΩS .
HereN = λnI and the interation potential ΩS is dened
by (36). The equation of motion
−Nθ¨ +M∆θ(x, y) +K(− sin θ · φx + cos θ · φy) = 0
an be expanded in powers of small |θ| ≪ 1 so that the
dispersion relation is:
ω(p) =
√
Mp2
N
+
2πK
N
p sin2 α. (47)
Here α is the angle between vetor p and x axis. Consider
the Peierls-Mermin argument applied for a 2D atomi
rystalline lattie. Mean squared displaements of the
atoms from the equilibrium positions in the lattie are
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proportional to the integral J =
∫
d2p/ω2(p). Short-
range interations of atoms give the phonon exitations
with ω ∼ p. In this ase J diverges at small values
of p, whih orresponds to utuations with large wave
lengths. The integral with the dispersion relation (47)
does not have the singularity at small p:
J ∼
∫ 2pi
0
dα
∫ ∞
0
dp/(Mp+ 2πK sin2 α) ∼
∫ ∞
0
dp/
√
p,
(48)
whih means that the long-range dipole-dipole together
with the short-range hydrogen bonding interation both
stabilize the ferroeletri ordering of the lm in agree-
ment with [32℄. Interestingly both ΩH and Ωdd are
equally important in this phenomenon: long range or-
der does not exist both in the lm with the short and the
long range interations separately: the integral diverges
either if M = 0 (no short range hydrogen bonds in the
model) and if K = 0 (no dipole-dipole interation). This
somewhat surprising observation means that the short-
range behavior of intermoleular interations determine
the harater of order at large sales. Physially it is a
onsequene of the Earnshaw's instability of the system
of lassial dipoles, whih is stabilized by the H-bonds.
Similar ndings are reported in [36, 37, 38, 39℄ where the
2D system of lassial dipoles were onsidered on a few
dierent types of latties. It was shown that the ground
state of the lattie system an swith from a ferromag-
neti to antiferromagneti state depending on the lattie
shape.
V. CONCLUDING REMARKS.
Finally we ompare the results of our vetor model
to the density funtional theory, whih is another well
known approah to hydrophobi interations alula-
tions. It was pioneered in earlier works of van Der
Waals [40℄, works well for simple, non polar liquids with
ǫ ∼ 1, does not fous on eletri properties and uses the
free energy funtional expressed in terms of the mean
n(r) = 〈ρ(r)〉, the total ρ(r) density of the liquid, and
the density utuations ω(r) (〈ω(r)〉 = 0) [4, 5, 6, 41, 42℄.
The free energy funtional for the mean density is a non-
linear funtion of n(r) and is haraterized by the healing
length amac ∼ 7Å for water. The utuations ω(r) are
desribed by the pair orrelation funtion taken from ex-
periments or moleular dynamis simulations and is har-
aterized by the seond, mirosopi sale, amic ∼ 1Å. If
the interation between the moleules of a liquid is purely
short range, the orrelation funtion for the utuations
deays exponentially at large distanes:
G = 〈ω(0)ω(r)〉 ∼ exp(−r/amic)
r
.
The interation potential Ω of a pair of point-like ob-
jets is proportional to the orrelation funtion, Ω(r) ∼
G(r) ∼ exp(−r/amic) and, due to the salar nature of
underlying theory, is not orientation dependent. Tehni-
ally speaking the model suggested in this paper also de-
sribes a model system with two harateristi sales, say,
amac ∼ LT and amic ∼ RD and thus an share many pre-
ditions with the density funtional models. On the other
hand, as was shown above the long-range dipole-dipole
interation between the moleules of the liquid leads to
a long-range power-law tail in the orrelation funtion
(18):
〈sαsβ〉 ∼ 1
r3
, r →∞.
This property is inherently related with the large diele-
tri onstant and is diretly responsible for the strong
long-range orientation-dependent interations desribed
in this Artile. Stritly speaking the liquid in our model
is inompressible, the assumption obviously fails at r ∼
amic. The omplete model should inlude both utua-
tions of the liquid density (salar) and the polarization
(vetor). One example of suh a model of a polar liquid
was studied in [25℄. Moleules were onsidered as freely
oriented, like in the Onzager's theory [29, 30, 31℄. The
approah proved to suessfully reprodue the results of
moleular dynamis simulations for solvated ions. An-
other route to inlude the eets of liquid polarization
and eletrostati fores in the salar model is outlined
in [42℄. The advantage of vetor models is learly seen
when the eets of the moleular polarization need to be
taken into aount, e.g. in a ase of harged solutes or
for liquid boundaries and interfaes. No salar model an
be diretly applied to hydrogen bonds network formation
studies and topologial exitations and interations both
in the bulk and on the solute boundaries.
The proposed vetor model is both physially rih,
relatively simple, and is not muh more omputation-
ally demanding than ontinuous solvation models used
in omputational biophysis (see, e.g. [2, 3℄). In its
linearized form it reprodues a few very important fea-
tures of moleular dynamis simulations, suh as sponta-
neous liquid polarization next to marosopi surfaes,
the vortex-like strutures in the moleular dipoles ar-
rangement near soluted bodies. Strong interation be-
tween the liquid moleules selets foreless liquids ong-
urations with vanishing polarization eletri eld. This
leads to a strong, long-range, orientation dependent in-
teration of solvated bodies. The model may serve well
as a ontinuous water model to desribe dierent oper-
ational states of nanodevies in aqueous environments,
as well as membrane harge transfer and ion hannels,
where both the hydrophobi and harged boundaries are
equally important.
Fast solvation models are ruial in drug disovery and
biomoleules modelling. The quality of solvation models
is a limiting fator determining the auray of the alu-
lations in moleular doking and virtual sreening appli-
ations. The proposed model is employed in QUANTUM
drug disovery software for very aurate binding an-
ity preditions for protein-ligand omplexes [43℄. QUAN-
11
TUM uses the ontinuous vetor water model (2) for sol-
vation energy preditions, determination of protonation
states of biomaromoleules, pKa alulations, protein
struture renement (inluding mutagenesis) et.
[1℄ D.C. Rapaport, Computer Physis Communiations, 62,
198 (1991); 62, 217 (1991); 76, 301 (1993)
[2℄ Shaefer M., Karplus M., J.Chem.Phys. 100, 1578(1996)
[3℄ M. Feig, A. Onufriev, M.S. Lee, W. Im, D. A. Case, C.
L. Brooks, J. Comp. Chem., 498, 96 (2004)
[4℄ Chandler D., Phys.Rev. E 48, 2898(1993)
[5℄ Lum K., Chandler D., Weeks J.D., J.Chem.Phys. B 103,
4570 (1999)
[6℄ Wolde P.R., Sun S.X., Chandler D., Phys.Rev. E 65,
011201 (2001)
[7℄ Lee C.Y., MCammon J.A., Rossky P.J., J. Chem. Phys.
80, 4448 (1984)
[8℄ Wilson M.A., Pohorille A., Pratt L.R., J. Chem. Phys.
91, 4873 (1987)
[9℄ Kohlmeyer A., Hartnig C., Spohr E., J. Mol. Liquids. 78,
233 (1998)
[10℄ J. Higo, M. Sasai, H. Shirai, H. Nakamura, T. Kugimiya,
www.pnas.org/gi/doi/10.1073/pnas.101516298
[11℄ A. Oleinikova, N. Smolin, I. Brovhenko, A. Geiger, R.
Winter, J. Phys. Chem. B 109, 1988 (2005)
[12℄ A. Oleinikova, I. Brovhenko, N. Smolin, A. Krukau, A.
Geiger, R. Winter, ond-mat/0505564, 2005
[13℄ A. Oleinikova, I. Brovhenko, A. Geiger,
ond-mat/0507718, 2005
[14℄ Ginzburg V.L., Zh.Eksp.Teor.Fiz. 15, 739 (1945);
J.Phys.USSR 10, 107(1946)
[15℄ Sivukhin D.V., General Course of Physis. V. 3, Eletri-
ity. Mosow, Nauka-Fizmatlit, 1996
[16℄ Stratton J.A., Eletromagneti Theory. MGraw-Hill,
New York, 1941
[17℄ Kolafa J., Nezbeda I., Mol.Phys.97, 1105(1999); 98,
1505(2000)
[18℄ Gray C.G., Gubbins K.E., Theory of Moleular Fluids.
Clarendon Press, Oxford, 1984
[19℄ L.D.Landau, E.M.Lifshitz, Statistial Physis. Part 1
(Vol. 5), (Pergamon Press, 1969)
[20℄ Pauling L., General Chemistry. Dover Publiations, 3nd
ed. 2003
[21℄ A. Stogrin, IEEE Transations of Mirowave Theory
Teh., Vol. MTT-19, 733 (1971)
[22℄ D.A. Boyarskii, V.V. Tikhonov., N.Yu. Komarova,
Progress in Eletromagneti Researh, PIER, 35, 251
(2002)
[23℄ G.N. Zatsepina, Physial Properties and Struture of Wa-
ter. Mosow State University, Mosow, 1998
[24℄ L.D. Landau, E. M. Lifshitz, and L.P. Pitaevskii, Ele-
trodinamis of ontinuum media (Pergamon Press, 1969)
[25℄ Ramirez R., Gebauer R., Mareshal M., Borgis D.,
Phys.Rev. E 66, 031206 (2002)
[26℄ If a solute harge exeeds qC the linear model breaks
down lose to the harged moleules and the adjaent
water moleules may beome frozen. The disussion of
this phenomena will be published elsewhere.
[27℄ V.L. Berezinskii, Sov. Phys. JETP, 32 493 (1971); 34610
(1972)
[28℄ J.M. Kosterlitz, D.J. Thouless, J. Phys. C 6, 1181 (1973)
[29℄ Onzager R., J.Amer.Chem.So. 58, 1486(1936)
[30℄ Kirkwood J.G., J.Chem.Phys. 2, 351(1934); 7, 919(1939)
[31℄ Frenkel Ya.I., Kineti Theory of Liquids. Mosow-Ijevsk,
NIC Regular and Chaoti Dynamis, 2004
[32℄ P.G. Maier, F. Shwabl, Phys.Rev. B 70, 134430 (2004)
[33℄ Kittel W., De Wolf E.A. Soft Multihadron Dynamis
(Singapore: World Sienti, 2005)
[34℄ Peierls R.E. Ann. Inst. Henry Poinare, 5, 122 (1935)
[35℄ Mermin N.D. Phys. Rev. 176, 250 (1968)
[36℄ Belobrov P.I., Voevodin V.A., Ignathenko V.A.
Zh.Exper.Teor.Fiz. 86, 3673 (1985)
[37℄ Brankov J.G., Danhev D.M. Physia A 144, 128 (1987)
[38℄ Zimmerman G.O., Ibrahim A.K., Wu F.Y. Phys. Rev. B
37, 2059 (1988)
[39℄ Bedanov V.M. J.Phys.: Condens. Matter, 4, 75 (1992)
[40℄ van der Waals J.D., Ph.Constamm, Lehrbuh der Ther-
mostatik. Verlag von Johann Ambrosius Barth, Leipzig,
1927
[41℄ Rowlinson J.S., Widom B., Moleular theory of apillar-
ity. Clarendon Press, Oxford, 1982
[42℄ Sitnikov G., Nehaev S., Taran M., Muryshev A., Ap-
pliation of a two-length sale eld theory on the solva-
tion of harged moleules: I. Hydrophobi eet revisited.
arXiv: ond-mat/0505337 v2 14 May 2005
[43℄ http://q-pharm.om, see http://q-
pharm.om/home/ontents/si_and_teh/proof of
onept page for the binding anity alulations
auray assessment.
